Introduction
The production of Portland cement, a binder used in the fabrication of concrete, has a high impact on the environment and, as such, is associated with elevated environmental costs. In an attempt to minimize this impact, the scientific community has been researching materials that could partially or completely substitute cement 1 . Depending on the granulometry, level of silica and degree of crystallinity, these materials may be used as mineral additions with cementing or pozzolanic action, or as fillers. Pozzolanic additions per se have no binding power, but in the presence of moisture they can chemically react with calcium hydroxide to form a gel of hydrated calcium silicate. The formed gel can reduce porosity of the compound and favour the refinement of grains, thus contributing for greater durability of concrete 2, 3 . The occurrence and magnitude of the pozzolanic reaction depends upon the silica content available to react, as well as its thermodynamic stability (amorphicity) and specific surface [4] [5] [6] .
The materials most commonly used como pozolanas are fly ash, silica fume and rice husk ash 2 . However, a material currently of interest, both to researchers and to industry, is glass residue. When in the form of shards, the residue is a non-biodegradable inert material with high utilization and recycling rates. It is commonly used as a raw material to manufacture new glasses. In most cases, though, the recycling of glass microparticles derived from plate drilling and cutting does not occur due to logistics and processing characteristics of the glass. Thus, glass wastes in the form of fine powders generate large environmental liability because, when dropped, they reduce the operating life of landfill sites.
Considering that soda-lime glass is a non-crystalline ceramic material, and that more than 95% of glass is made from silicon dioxide, sodium oxide and calcium, its addition to cement is interesting from a technical point of view. Research into the use of glass residue in cement has evaluated its use as an aggregate [7] [8] [9] or as pozzolanic material [10] [11] [12] . The use of residues, in partial or total substitution of aggregates or binders in concrete, presents interesting possibilities for obtaining eco-efficient concretes. Research has investigated the use of glass residue in Portland cement composite, whether as an aggregate or a supplementary cementitious material. However, there is still no consensus on the influence of the chemical composition of glass on the behaviour of the composites in which it is used. This paper analyse the influence of this composition on the performance of cement composites produced with microparticles of colourless and amber glass. Pozzolanicity was assessed by direct (Modified Chapelle, electrical conductivity) and indirect test (chemical characterization, X-ray diffraction, thermogravimetric analysis, differential thermal analysis and Strength Activity Index testing. The results show that microparticles of both glass display pozzolanic activity, with no significant differences between them. This confirms the potential for the use of glass microparticles as a supplementary material in cement composites.
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the possibility of an alkali-silica reaction is an aggravating factor for its use 12, 13 . Nonetheless, recent studies have shown that when incorporated with cement, glass microparticles may reduce the expansion of the alkali-silica reaction in a similar way to slag and fly ash 14, 15 . Still, there is no consensus regarding the influence of the chemical composition of glass on the composites produced 8, 16 .
Material and Methods
As a means of minimizing the control variables of the experiments, both colourless and amber glass microparticles were obtained through the milling of soda-lime glass in the laboratory. The cement used was high initial resistance Portland cement (CPV-ARI). The chemical composition of the cement and the glass was assessed with an energy-dispersive spectroscopy (EDS). The glass powder was analysed by X-ray diffraction (XRD) -Rigaku, Geigerflex 3034 -with radiation CuKα, 40 kV and 30 mA, 0.5 s time constant, and monochrome graphite crystal. The granulometric distribution of the glass microparticles was obtained by the technique of laser beam scattering in a Cilas 920 granulometer. The thermal analyses (Thermogravimetric Analysis -TGA and Differential Thermal Analysis -DTA) were conducted with samples of 10mg, obtained from pastes made with and without the replacement of cement by 10% glass. The samples, after being cured for 28 days, were immersed in acetone to interrupt the hydration reaction, and were then milled immediately. The equipment used was a Shimadzu DTG 60 H. The reactivity of the glass particles with calcium hydroxide was measured directly in the Modified Chapelle and electrical conductivity test. Chapelle test allows to determine via titration the calcium oxide content fixed in aqueous media by the analyzed material, as established by Raverdy et al. 17 . The test was conducted for each type of glass, and with a control material (silica fume with silica content > 85% and a surface area between 15 and 35 m 2 /g). The electrical conductivity test was carried out according to the method proposed by Luxán et al. 18 . This assay has assessed the variation of electrical conductivity of a solution saturated with calcium hydroxide before and after the addition of the pozzolan under controlled conditions.The Strength Activity Index (SAI) was calculated by comparing the compressive strength of mortar (one part binder to three parts sand, and 0.5 of water) with and without the use of 35% of glass microparticles substituted for cement.
Results
The chemical analysis of the colourless and amber glass microparticles and the cement is presented in Table 1 .
Comparing the data with other research in the field, it is clear that the glass microparticles display a very similar composition, typical of soda-lime glass 19 Comparing the two types of glass, it may be observed that the most representative variations were registered in the aluminium oxides, iron oxides and, most of all, in the levels of sodium oxide. The difference in sodium oxide is reflected directly in the higher value of the alkaline equivalent in colourless glass. According to ASTM C-618 20 , pozzolanic materials should present a maximum alkali level (Na 2 O eq ) of 1.5%. The microparticles display higher levels than this, which would demand rigorous control of the reactions involving alkalis and the aggregates. The cement used corresponds to the Brazilian specifications for high initial resistance cement. The main phases typically present in these cements are tricalcium silicate, beta-dicalcium silicate, calcium aluminosilicate, aluminates, iron-aluminates and calcium sulphoaluminates.
The granulometric distribution obtained by the laser beam scattering method shows that for colourless glass, 10% of the particles display a diameter equal to or less than 0.97 µm, 50% display 4.70 µm and 90% are 22.34 µm. For the amber glass, 10% of the particles measure 1.07µm, 50% are 5.65µm and 90% display a diameter of 28.35µm. The average particle size was 8.93 µm for colourless glass and 10.61µm for amber glass, respectively. The data indicates that the fineness of the glass is similar, and that the milling was efficient as a method of obtaining microparticles, which would favour the kinetics of pozzolanic reactions.
The colourless and amber glass residues have similar characteristics to the standards of common glass 21 . The diffuse diffractograms observed (Figure 1 ) are usually attributed to the vitreous phases 19 , indicating that the materials display characteristics of non-crystalline material. Published works on rice husk ash, silica fume, ashes from raw sewage sludge and metakaolin show that the material's reactivity with calcium hydroxide increases with the content of amorphous silica present in the same 1, 7, [22] [23] [24] [25] [26] , since its thermodynamic stability is lower. In this way, the obtained results indicate greater reactivity in the glass microparticles. However, there is also evidence suggesting that the granulometry may be just as important as the crystal structure 25 . The graphs displayed in Figures 2 and 3 illustrate the data obtained from the thermal analysis of the pastes, with and without the replacement of cement by 10% glass. They show the most significant variations in mass that occurred during the heating of the samples, thus identifying the occurrence and extension of the pozzolanic reaction. The DTA results show the heat involved in the reactions and help to identify the areas where reactions may occur. The areas on the graphs in which variation of the mass occurred in a non-monotonic form, and/or exothermic or endothermic reactions took place, are marked with circles. The hydrated cement (paste) mainly displays the following phases: hydrated tricalcium silicate, hydrated dicalcium silicate, hydrated calcium aluminosilicate, hydrated calcium aluminate, hydrated calcium aluminate trisulphate (ettringite) and calcium hydroxide.
In the existing research, the temperatures at which the dehydration reactions of these phases occur on account of the heat vary, depending on the study. In general, free water or water stored in the capillary structure of the gel is lost between 30-105°C. By 120°C, this water has been completely lost. The decomposition of the ettringite occurs between 110-180°C; the hydrated calcium aluminates and aluminosilicates dehydrate between 180-240°C; the loss of the combined water of the hydrated calcium silicate occurs between 50-300°C; the interlayer water of this silicate is lost at 350°C; the absorbed water of the hydrated calcium silicate exits at around 400°C; between 410-580°C the dehydration of calcium hydroxide is detected; and from 520-900°C the calcium carbonate decomposes [27] [28] [29] [30] [31] [32] . Zone 2 therefore corresponds to the loss of water in Ca (OH) 2 . The loss of water, in this area, was less in the paste with amber glass, which indicates that this paste has lower levels of portlandite. Significant quantities of silicates displaying greater loss of mass at temperatures around 200°C were not observed. Table 2 shows the results obtained in the Modified Chapelle test. The average values obtained for the colourless and amber glass -730.99 and 780.27mg of Ca(OH) 2 /g respectively -are relatively high for both types of glass. These values are higher than that obtained for silica fume. According to Raverdy et al. 17 , the minimum value for calcium hydroxide consumption required for the material to display pozzolanic activity is 330mg of Ca(OH) 2 /g sample, or 700 mg/g according to the Association Française de Normalisation 33 . It may therefore be considered that the microparticles display pozzolanic activity. Figure 4 shows the results obtained in the electrical conductivity test for the glass microparticles, carried out according to the method proposed by Luxán et al. 18 . The reduction of electrical conductivity of the solution with glass particles may be observed throughout the test, with both types of glass powder. This indicates the reduction of ions in the solution, and the occurrence of a pozzolanic reaction between the glass microparticles and the calcium hydroxide.
In addition, the difference between initial conductivity and that measured after two minutes of the test is around 0.4 mS/cm for both types of glass, which, according to those who developed this test, suggests moderate pozzolanic activity for both types of glass. Figure 5 displays the Strength Activity Index obtained for the cement with and without glass particles. It presents the average values and the range of the data obtained in three test for each of the two samples. According to the Brazilian norm 34 , material is considered pozzolanic if it presents a value equal to or greater than 75% of the resistance of the reference material after 28 days. The data shows that the glass microparticles, according to the PAI, may be considered pozzolanic, as the value for their activity index with cement is at least 80%. According to the European norm, this material is pozzolanic, as the index is higher than 65% [35] .
Conclusions
The microparticles (≈10 μm) of colourless and amber soda-lime glass display non-crystalline structure and levels of alkalis higher than those recommended for pozzolanic materials. With the Modified Chapelle method, it may be considered that the microparticles display pozzolanic activity. The difference in pozzolanicity between the two types of glass was not significant, taking into account the characteristics of the test. The electrical conductivity test indicated that both types of glass display moderate pozzolanic activity. The TGA showed that only the samples containing amber glass microparticles lost less mass, in the area where the loss of water in portlandite was observed. This indicates a lower quantity of calcium hydroxide in these samples, which in turn suggests the occurrence of a pozzolanic reaction. Significant quantities of silicates that lost greater mass at temperatures around 200°C were not observed. The Strength Activity Index results show that while both types of glass microparticles are pozzolanic, it is not possible to assess the influence of type of glass in this index.
